Proper alloying magnesium with element scandium (Sc) could transform its microstructure from a phase with hexagonal closed-packed (hcp) structure into b phase with body-cubic centered (bcc) structure. In the present work, the Mg-30 wt% Sc alloy with single a phase, dual phases (a + b) or b phase microstructure were developed by altering the heat-treatment routines and their suitability for usage within bone was comprehensively investigated. The b phased Mg-30 wt% Sc alloy showed the best mechanical performance with ultimate compressive strength of 603 ± 39 MPa and compressive strain of 31 ± 3%. In vitro degradation test showed that element scandium could effectively incorporate into the surface corrosion product layer, form a double-layered structure, and further protect the alloy matrix. No cytotoxic effect was observed for both single a phased and b phased Mg-30 wt% Sc alloys on MC3T3 cell line. Moreover, the b phased Mg-30 wt%Sc alloy displayed acceptable corrosion resistance in vivo (0.06 mm y À1 ) and maintained mechanical integrity up to 24 weeks. The degradation process did not significantly influence the hematology indexes of inflammation, hepatic or renal functions. The bone-implant contact ratio of 75 ± 10% after 24 weeks implied satisfactory integration between b phased Mg-30 wt%Sc alloy and the surrounding bone. These findings indicate a potential usage of the bcc-structured Mg-Sc alloy within bone and might provide a new strategy for future biomedical magnesium alloy design.
Introduction
It is widely accepted that magnesium alloys are promising candidates for biodegradable bone implants as they possess satisfactory mechanical property, acceptable biodegradability, good biocompatibility and superior osteogenesis ability [1] [2] [3] . Moreover, the Young's modulus of magnesium alloys (41) (42) (43) (44) (45) GPa) is similar to human bone so that the ''stress shielding effect" can be avoided [4] . Till now, magnesium alloys containing rare earth elements (REEs) have been extensively studied as surgical implants and orthopedic devices [5] [6] [7] . It is reported that WE43 (4 wt% Y, 3 wt% mischmetal) alloy shows superior mechanical behaviors and decent corrosion resistance [8, 9] . The resorbable bone compressive screw MAGNEZIX Ò (Syntellix AG) as well as coronary stent Magmaris (BIOTRONIK, Berlin, Germany) [10, 11] , whose components are similar to WE43, received CE mark approval in 2013 and 2016, respectively. Until now the clinical follow-ups are relatively satisfactory [10, 11] . In addition, other Mg-RE based alloys such as Mg-(La, Ce, Nd) [5] , Mg-Dy [12] , Mg-Zn-Gd [13] and Mg-Nd-Zn-Zr [7] alloys have also been studied by in vitro and in vivo testings.
As one of the rare earth elements, scandium (Sc) has been widely used as an alloying element of aluminum alloys in aerospace and other industrial fields [14] . Moreover, the addition of Sc into magnesium alloys also has some unique advantages. For example, it is conducive to grain refinement, which could further improve the integrated performance of magnesium alloys [15] . As for the mechanical property, it is known that the maximum solid solubility of scandium in a-Mg is comparatively high (24.5 wt%) and therefore the strength of magnesium alloys can be improved by solution strengthening. With respect to corrosion, scandium as a rare earth element is supposed to incorporate into the corrosion film, enhance its passivity and compactness, and thus protect the matrix [16] . During casting process, the presence of scandium can purify alloy melts and alleviate the negative effects of impurities (Fe, Ni, Cu, etc.), which further decreases the corrosion rate of magnesium alloys [13] . Furthermore, Mg-Sc alloy is the only one shape memory magnesium-based alloy found so far [17] . This finding might broaden its potential applications as degradable shape memory biomedical implants such as selfexpanding stents [18] , shape recovery staples [19] at body temperature, and so on.
Mostly important, Sc is the only one rare earth element that can change the matrix phase of magnesium alloys from hexagonalclose-packed (hcp) to body-centered-cubic (bcc) structure. According to Mg-Sc phase diagram [20] , in the proper range of scandium content, magnesium alloy with single b phase could be obtained at room temperature by appropriate heat treatment method. In other words, the constitutional phases of Mg-Sc alloy could be controlled by different heat treatment routines.
Till now, the feasibility study on Mg-Sc alloy as degradable metallic biomaterials is scarce. In this study, Mg-30 wt%Sc alloy which had been reported to exhibit shape memory effect in reference [17] were prepared. The in vitro and in vivo studies concerning about the microstructures, mechanical properties, degradation behaviors, and biocompatibility of Mg-30 wt%Sc alloy were comprehensively investigated, and the feasibility of Mg-30 wt%Sc alloy used within bone was fully discussed.
Materials and methods

Material preparation
For various in vitro testing, Mg-30 wt%Sc alloy was prepared in North Carolina A&T State University, USA with 99.97 wt% Mg (sup-plied by U.S. Magnesium LLC) and the master alloy (Mg-45 wt%Sc, provided by Hunan Rare Earth Metal Material Research Institute, China) through vacuum induction melting (VIM) in iron crucible at 960°C. The billet was then heat-treated at 608°C for 12 h followed by water quenching (solution treatment). Afterwards, the heat-treated ingot was extruded at 450°C, with an extrusion ratio of 10. The impurities contents of the as-extruded Mg-30 wt%Sc alloy were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES), and Sc content was determined by titration method. The results were as follows: Sc: 30.300 wt%, Fe: 0.580 wt%, Al: 0.019 wt%, Si: 0.012 wt%, Mg: Balance. Disk specimens with size of U12 mm Â 1 mm were used for microstructure characterization, corrosion measurement, cytotoxicity testing and hemocompatibility evaluation. Samples were cut perpendicular to the extrusion direction. As for cytotoxicity and hemocompatibility tests, an as-extruded high pure magnesium (HP-Mg, 99.99 wt %,) with the same size was adopted as the control group. The HP-Mg ingot (supplied by Henan Yuhang metal materials co., LTD.) was cut into cylinders and then extruded with an extrusion ratio of 10 and an extrusion rate of 2 mm/s at 320°C. All specimens were mechanically polished to 2000 grit by using SiC abrasive papers followed by cleaning and drying.
Simultaneous DSC-TGA test
Disk samples with a diameter of 3 mm were cut and polished. In order to acquire the phase transformation temperature from dual phase (a + b) to single b phase region precisely, Mg-30 wt%Sc alloys were tested using a TA instrument Q600 simultaneous differential scanning calorimeter (DSC) -thermogravimetric analysis (TGA). The heating curve was obtained by heating from 500°C to 700°C at a ramp rate of 10°C/min under the protection of nitrogen atmosphere (100 mL/min). The obtained curve was analyzed using Universal Analysis 2000 software to calculate the phase transformation temperature.
Heat treatment
The disk samples were sealed in a quartz tube under high vacuum (9 Â 10 À4 Pa). Various heat treatment conditions were adopted in an electrical furnace to obtain specimens with different constitutional phases. In order to acquire the single a phased alloy, the samples were normalized at 470°C for 0.5 h with iced NaOH cooling. Other samples were subjected to solid solution treatment at 670°C for 0.5 h with the same cooling way to obtain single b phase. Subsequently, part of them was aged at 200°C for 5 h and cooled gradually in furnace to acquire (a + b) dual phased alloys. The behavioral differences between the as-extruded Mg-30 wt%Sc alloys with single a, single b, and dual (a + b) phases were analyzed by microstructural characterization, mechanical tests, immersion and hydrogen evolution tests, and electrochemical evaluation.
Microstructural characterization
Specimens for microstructural characterization were polished by 0.5 lm diamond polishing paste. Then the polished samples were etched in 4% nitric acid alcohol solution and rinsed in distilled water. The microstructures of heat-treated samples were observed under SEM (S-4800 Emission scanning electron microscope, Hitachi) and an optical microscope (BX51M, Olympus). The proportion of different phases was calculated in image J software (version 1.51 j8, USA) based on SEM image (BSE mode, n = 4). An X-ray diffractometer (XRD, Rigaku DMAX 2400, Japan) with CuKa radiation was adopted to identify phase constituents of heat-treated samples in a scanning range from 20°to 90°and at a scanning rate of 2°/ min.
Mechanical tests
Compression test was conducted in order to evaluate the mechanical properties of experimental Mg-30 wt%Sc alloys. Specimens for compression test were machined along extruded direction with a dimension of 2 � 2 � 4 mm 3 . Universal testing machine (Instron 5969, USA) was used for compression test at a crosshead speed of 0.5 mm/min according to ASTM E9-2009 [21] . Afterwards, the fractured specimens of (a + b) dual phased alloys were embedded and the side face of fracture was polished and etched for microstructure observation. Three specimens were tested for each heat-treatment condition.
Immersion and hydrogen evolution tests
Immersion test was carried out at 37°C in Hank's solution with an exposure ratio of 20 mL/cm 2 for 10 days according to ASTM G31-72 [22] . Hydrogen evolution test was performed with the same exposure ratio using a basic burette, whose setup was consistent with Ref. [23] . The corrosion rate was calculated according to the following equation [24] : P H ¼ 2:279 V H P H is the corrosion rate with the unit of mm y �1 and V H is the hydrogen evolution rate in unit of ml/cm 2 /d. The pH values and hydrogen evolution volumes were recorded periodically. After 6 h, 2 d, 5 d and10 d immersion, the samples were removed out of Hank's solution and gently rinsed with deionized water. Surface morphology and cross-section morphology as well as element distributions were analyzed by FE-SEM (Merlin Compact, Zeiss, Germany) coupled with EDS (Energy dispersive spectrometer) operating in second electron (SE) mode. Ion concentrations in the immersion solutions were tested by Inductively Coupled Plasma-Optic Emission Spectrometry (ICP-OES, iCAP 6000, Thermo, England). X-ray diffractometer (XRD, Rigaku DMAX 2400, Japan) was adopted to analyze phase constituents of corrosion products with a scanning speed of 2°/min.
Electrochemical evaluation
The electrochemical workstation (Metrohm Ltd, Switzerland) was adopted for electrochemical evaluation. A traditional threeelectrode cell system was used with specimens as working electrode, saturated calomel electrode (SCE) as reference electrode and platinum electrode as counter electrode. Tests were conducted in Hank's solution at room temperature. Open circuit potential (OCP) was continuously monitored for 4800 s. Subsequently, potentiodynamic polarization (PDP) was performed at a scanning rate of 1 mV/s. At least three samples were tested for each group.
In vitro test
As for in vitro test, cytotoxicity, hemolysis and platelet adhesion tests were carried out to evaluate the biocompatibility of the Mg-30 wt%Sc alloys. The as-extruded Mg-30 wt%Sc alloys with single a, single b, and dual (a + b) phases were adopted as the test groups and the HP-Mg was adopted as the control group.
Cytotoxicity
Cell viability was evaluated by indirect contact cell assay with MC3T3-E1 and Human Umbilical Vein Endothelial Cells (HUVECs) according to ISO 10993-5-2009 [25] . MC3T3-E1 and HUVECs were respectively cultured in Alpha-minimum essential medium (a-MEM) and Dulbecco's modified eagle's medium (DMEM), both supplied with 10% fetal bovine serum (FBS), 100 U ml �1 penicillin and 100 lg mg �1 streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . The extracts of three kinds of Mg-30 wt%Sc alloys and high pure (HP) Mg were prepared by a-MEM and DMEM with an extraction ratio of 1.25 cm 2 ml �1 and incubated for 24 h. Then the sample extracts were diluted to concentrations of 50% and 10%. The pH value of the undiluted extracts was measured by a pH meter and the ion concentration was determined by Inductively Coupled Plasma-Optic Emission Spectrometer (ICP-OES, iCAP 6000, Thermo, England). Since the difference between a-MEM and DMEM does not have great impact on pH value and ion concentration, only the sample extracts from a-MEM were tested. Cells were seeded into 96-well plates at a density of 5 � 10 3 cells per 100 lL medium, which was replaced by sample extracts after incubating for 24 h. The cell culture medium was adopted as negative control and culture medium added with 10% dimethylsulfoxide (DMSO) as positive control. After 1, 3 and 5 days, sample extracts were replaced by a mixture of cell counting kit-8 (CCK-8, Donjindo, Kumamoto, Japan) and culture medium at a ratio of 1:9 and incubated for 1 h. The spectrophotometrical absorbance of each well was measured by a microplate reader (Bio-RAD 680). 5 duplicates of each group were adopted for cell viability test.
Hemolysis and platelet adhesion
The in vitro hemocompatibility was evaluated by hemolysis rate test and platelet adhesion observation. Human blood from a healthy volunteer was collected and anticoagulated with sodium citrate (3.8 wt%) at a volume ratio of 9:1. As for hemolysis rate test, the anti-coagulant blood was diluted by PBS at a volume ratio of 4:5. Mg-30 wt%Sc alloys as well as HP-Mg samples were incubated in 10 mL phosphate buffered saline (PBS) for 30 min in centrifuge tubes beforehand. Then 0.2 mL of the diluted blood was added into each tube and incubated at 37°C for 60 min. An equivalent volume of diluted blood was added to PBS and deionized water as negative and positive control, respectively. 3 duplicates of each group were adopted. Afterwards, all samples were removed. The tubes were centrifuged at 3000 rpm for 5 min and then the supernatant was transferred to 96-well plate. The absorbance (optical density, OD) was measured by a microplate reader (Multiskan GO, Thermo Fisher Scientific) at the wavelength of 540 nm. The hemolysis rate was calculated according to the following equation:
As for platelet adhesion test, the anticoagulant whole blood was centrifuged at 1000 rpm for 10 min to obtain platelet rich plasma (PRP). The samples were placed in 24-well plate and 0.2 mL PRP was added in each well. After incubating at 37°C for 60 min, the PRP was removed and the alloy surfaces were gently rinsed with PBS for 3 times. Platelets on samples were fixed with 2.5% glutaraldehyde for 2 h, dehydrated in gradient alcohol solution (50%, 60%, 70%, 80%, 90% and 100%) for 10 min each and dried in air. The morphology of platelets on samples was observed under SEM.
Animal test
Materials preparation and surgical procedures
For animal testing, another batch of Mg-30 wt%Sc alloy ingot was melted using pure magnesium (99.99 wt%) and pure scandium (TREM > 99.999 wt%) by vacuum suspension induction melting furnace in Shenzhen Summit Levitation Metallurgical S&T Ltd, China. The nominal composition was Mg-30 wt% Sc alloy, identical to those used for various in vitro tests. The content of scandium was determined by titration method while other elements were quantified by ICP-AES. The analysis results were as follows: Sc: 29.300 wt%, Al: 0.020 wt%, Fe: 0.018 wt%, Ni: <0.010 wt%, Mg: balance. Compared with the Mg-30 wt%Sc alloy adopted for in vitro test, the impurity was well controlled and the scandium content does not differ too much. The as-cast Mg-30 wt%Sc alloy was heat treated with the same parameters mentioned above to obtain b phased structure. Then, the samples were cut to cylinders with a dimension of U1.0 mm � 6.5 mm. For comparison, the as-cast high-pure magnesium (99.99 wt%, supplied by Henan Yuhang metal materials co., LTD.) which was prepared by vacuum induction melting (VIM) was cut into cylinders with the same dimension and was adopted as the control group. In general, the as-cast bphased Mg-30 wt%Sc alloy was adopted as the test group and the as-cast HP-Mg was adopted as the control group.
Thirty-six male SD-rats weighing 200-250 g were supplied by Animal Experiment Center of Guangdong General Hospital of Guangdong Military Command (SPF level). The rats were anesthetized by intraperitoneal injection of chloral hydrate (0.3 mL/100 g). After both legs were shaved and sterilized, surgical incision and bone exposure were made around the lateral epicondyle on both femurs. Afterwards, a hole with 1.0 mm in diameter and 6.5 mm in depth was prepared by using a hand-drill. The animals were randomly divided into two groups: the b-phased Mg-30 wt%Sc group and the HP-Mg group. Pure magnesium or bphased Mg-30 wt%Sc cylinders were inserted into the prepared holes in both legs and the wound was sutured layer by layer. The animals were free to obtain food and water after surgery. All the animal procedures were approved by animal ethic committee in Guangdong General Hospital of Guangdong Military Command.
Post-operative observation and Micro-CT analysis
The general conditions of animals were clinically examined during the first week after surgery, especially for lameness, inflammation, subcutaneous emphysema and loss of appetite. After implantation for 2 weeks, the animals were scanned by an in vivo micro CT scanner (LaTheta LCT-200, EchoMRI TM , USA) at a spatial resolution of 96 lm. Thereafter, at week 4, 12 and 24 postoperation, six animals in each group were sacrificed by overdosage anesthesia and the femurs were retrieved for micro-CT analysis at a spatial resolution of 48 lm. The bone mineral density (BMD) was calculated by Latheta software and three-dimensional (3D) reconstruction as well as 2D slice analysis were conducted in Amira 6.0.1. Besides, the bone volume over total volume (BV/TV), boneimplant contact (BIC) and volume loss of the implants were evaluated in CTAn program (Skyscan Company, Belgium). Accordingly, the in vivo corrosion rate was calculated by the following equation [26] :
where C is the corrosion rate, DV is the reduction in volume which is equal to the original volume subtracts the remaining volume. A and t are the initial surface area and the implantation time, respectively.
Histological analysis
The retrieved rat femurs and organs (including liver, spleen, lung and kidney) of each group were processed for histological analysis at 4 weeks post-operation. The specimens were fixed in paraformaldehyde and the rat femurs were decalcified in Ethylenediaminetetraacetic acid (EDTA). After dehydrated in graded ethanol, cleared in xylene and embedded in paraffin, the specimens were sliced to �5 lm sections. Hematoxylin and eosin (H&E) staining was conducted and the slices were observed and photographed under an inverted microscope (IX73, Olympus).
Hematology analysis
After overdosage anesthesia of SD rats, the abdomen was opened promptly and blood was collected from the abdominal aorta into a vacuum blood collection tube. For blood routine and blood biochemical tests, blood was collected to the tubes containing EDTA coagulant and the tubes without any additives, respectively. As for trace elements and blood glucose (GLU), the blood was collected to the tubes containing heparin and sodium fluoride (NaF), correspondingly. In addition, blood without any additives was remained in the tube for 2 h and centrifuged at 3000 rpm for 15 min to separate the serum. The concentrations of Mg 2+ and Sc 3+ in serum were measured by ICP-OES. The hematology analyses were conducted on each group at 4, 12 and 24 weeks postoperation (n = 6).
Characterization of corrosion products
After implantation for 4 and 12 weeks, the b-phased Mg-30 wt% Sc alloy and HP-Mg implants were retrieved from rat femurs carefully. In order to analyze the valence state and element compositions of the corrosion products, X-ray photoelectron spectroscopy (XPS, Axis Ultra, Kratos Analytical Ltd.) was adopted. Fourier transform infrared spectroscopy (FTIR, Nicolet iS 50, Thermo Scientific) was employed to identify the functional groups of the corrosion products.
Evaluation of elements distribution in tissue and organs
For the purpose of exploring Mg and Sc metabolism in vivo, the metabolic cages were used on 3 days post-operation to collect the urine and faeces of each group (n = 5). The faeces were dried in drying oven at 60°C beforehand. Furthermore, at each time point of sacrifice, the liver, spleen, kidney and muscle around femur were harvested for each group. The adipose on tissue and organs was then carefully removed. Afterwards, all the solid samples for 200 mg were weighed and digested with nitric acid. ICP-OES and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) were utilized to quantify the concentrations of Mg and Sc in tissue, organs as well as excretions (n � 3).
Statistical analysis
Statistical analysis was performed with IBM SPSS 20.0 (SPSS Inc., Chicago, USA). One-way analysis of variance (ANOVA) followed by Tukey test was conducted for variance analysis. A pvalue <0.05 was considered as statistically significant.
Results
Microstructure
According to the DSC-TGA curve of Mg-30 wt%Sc alloy shown in Fig. 1(a) , the actual phase transition from dual phases (a + b) to b single phase occurred at 658.4°C, which corresponds well with the binary Mg-Sc phase diagram. Therefore, it was reasonable to estimate that samples with single b phase can be obtained by solid solution treatment at 670°C. This estimation was confirmed by the XRD patterns shown in Fig. 1(b) . Besides, as mentioned previously, single a and dual phases (a + b) could be acquired by normalizing and solid solution treatment followed by aging treatment, respectively. Fig. 1(c) , there were few black or white areas being observed under SEM and OM, respectively. Even so, it had no impact on discerning grains and grain boundaries. As for (a + b) dual phased Mg-30 wt%Sc alloy, the constitutional phases could be discerned distinctly under SEM. In terms of the diffraction peak intensity of XRD patterns ( Fig. 1(b) ), a-Mg should be the main phase while b was the second phase. Hence, combined with SEM images ( Fig. 1(c) ), it could be inferred that the substrate was of a phase and the second phase which showed a discrete wavy structure uniformly distributed on the substrate was of b phase. The phase proportion of dual phased alloy was analyzed by the SEM images (n = 4) in the same magnification and it came out that area fraction of the second phase, i.e. b phase, was about 36% ± 5%.
Mechanical property
The mechanical properties of the experimental Mg-30 wt%Sc alloys are displayed in Fig. 2 . The ultimate compressive strength and elongation of three kinds of Mg-30 wt%Sc alloys differed significantly. According to compressive stress-strain curve ( Fig. 2(a) ), the fracture modes of experimental Mg-30 wt%Sc alloys were different. The single a phased and b phased Mg-30 wt%Sc alloys showed ductile fracture features, undergoing stages of linear elastic deformation, yielding and sudden rupture, successively. The (a + b) dual phased Mg-30 wt%Sc alloy was dominated by brittle fracture with little plastic deformation, which might be due to the following reasons. On the one hand, the crystal structures of a (hcp) and b (bcc) phases were different and the number of slip systems with bcc structure is greater than that of hcp structure. Differences in slip systems led to incompatible plastic deformation capacity, which further led to stress concentration at phase interface and finally induced the early fracture. On the other hand, it could be speculated that the weak bonding force at phase interface between a and b phases was related to the early fracture of (a + b) dual phased alloy [27] , which was verified by microstructure observation shown in Fig. S1 . The black arrow in Fig. S1(b) indicates the second phase of (a + b) dual phased alloy. Correspondingly, little of the second phase could also be observed close to the fracture surface in Fig. S1(a) , which suggested that In addition, the compressive strain of a phased Mg-30 wt%Sc alloy was lower than b phased Mg-30 wt%Sc alloy, which was related to the microstructural difference. As for bcc structured magnesium alloys, more slip systems are activated at room temperature and therefore improve the ductility. With respect to heat treatment routines, high temperature solid solution treatment can eliminate residual stress and work hardening effect, which could further improve the ductility [28] . Compared current results with the previous study, the mechanical behavior of b phased Mg-30 wt%Sc alloy is superior to other magnesium alloys such as AZ31, etc. [29] [30] [31] .
Immersion and hydrogen evolution tests
The in vitro degradation behaviors were evaluated by pH change, hydrogen evolution volume, ion concentrations and corrosion products analysis. As shown in Fig. 3 , the pH values of these three experimental Mg-30 wt%Sc alloys increased continuously at first 120 h during immersion period. Afterwards, the pH value remained stable at about 10.3 for the following days. Yet it did not imply the termination of corrosion process, which could be proved by the continuous increasing hydrogen evolution volume and ion concentrations. No significant difference was observed for pH value change among three experimental Mg-30 wt%Sc alloys, which was in good correspondence to the ion concentration results after immersion for 120 h and 240 h, as can be seen in Fig. 3 (c) and (d). The experimental Mg-30 wt%Sc alloys with different constitutional phases presented similar metallic ion release amount at the same time point. All of them increased constantly with time prolonged. According to Fig. 3(b) , the hydrogen evolution rates for these three experimental Mg-30 wt%Sc alloys were comparatively low at first 48 h while later on they all increased. With respect to hydrogen evolution volume after 240 h immersion, the (a + b) dual phased Mg-30 wt%Sc alloy exhibited fairly high hydrogen evolution rate, which was 3.4 ± 0.1 mm y À1 . It might be attributed to galvanic corrosion between a phase and b phase. The corrosion rates of the single a phased and b phased Mg-30 wt%Sc alloy were both 2.9 ± 0.1 mm y À1 . It should be noted that the presence of iron impurity in Mg-30 wt%Sc alloys (0.58 wt%) could negatively impact their corrosion rates. Fe content is a key factor that affects the degradation performance of magnesium alloys in vitro and in vivo [32] . The standard potential of Fe (À0.69 V) was much higher than that of Mg (À2.372 V). As a result, Mg alloy matrix would act as anode to be corroded continuously and the iron impurity serve as preferred sites for cathodic reaction.
The cross-sectional morphologies (Fig. S2 ) illustrated that obvious corrosion layer with a thickness of several or dozens of microns was formed. After 48 h immersion, the attack of Cl À resulted in pitting corrosion on a phased Mg-30 wt%Sc alloy and apparent corrosion products were found on the other two experimental Mg-30 wt %Sc alloys. With prolonged immersion time, the loose and porous corrosion products peeled off and the bare Mg-30 wt%Sc alloy matrix were partly exposed to the corrosion medium again, which led to further occurrence of corrosion process. After 120 h immersion, the corrosion layer of b phased Mg-30 wt%Sc alloy remained relatively compact while others peeled off from the matrix, leaving cracks and holes on the matrix.
Surface morphologies of three kinds of experimental Mg-30 wt %Sc alloys immersed in Hank's solution for different time points are displayed in Fig. 4 . After 6 h immersion, the corrosion layer exhibited a filiform-pattern, which should be ascribed to the presence of rare earth element [33] . Afterwards, the corrosion layer covered the entire surface of Mg-30 wt%Sc alloys. The porous corrosion layer provided open space for ion penetration, which resulted in further corrosion. Fig. 5 shows the XRD results of corrosion products after immersion for 120 h and 240 h. It can be seen that Mg(OH) 2 was the main corrosion product while MgCO 3 , CaCO 3 and Sc 2 O 3 were also detected. Compared with the XRD pattern after 120 h immersion, the peak intensity of matrix phase (a-Mg) became weaker and that of corrosion products became stronger after immersion for 240 h, indicating further thickened of corrosion layer. According to EDS mapping analysis of cross-sectional corrosion products shown in Fig. 6 , the corrosion products were mainly composed of elements Mg, Sc, O, C and a small amount of elements Ca and P deposited from Hank's solution. It is noteworthy that the corrosion products were double-layered. Element Sc was mainly distributed at the inner layer where the distribution of element O was consistent. The presence of scandium oxide was especially obvious at which local corrosion was severe, i.e., the corrosion pits were effectively filled by Sc 2 O 3 . Besides, elements Mg, Ca and P were revealed at the outer layer. The phenomenon further confirmed the presence of scandium oxide as one of the corrosion products, which was in good correspondence with the XRD results shown in Fig. 5 . It can be assumed that scandium tended to incorporate into the corrosion film, filled the corrosion pits and protected the Mg-30 wt%Sc alloy matrix from being further corroded to some extent.
Electrochemical evaluation
The results of electrochemical test were displayed in Fig. S3 . As for potentiodynamic polarization curves of magnesium alloys, the cathodic branch reflected the severity of hydrogen evolution reaction, while the anodic branch indicated the dissolution of magnesium alloy. In general, with regard to three experimental alloys, the positions, shapes and trends of both cathodic and anodic branches were relatively consistent. By Tafel extrapolation, the corrosion current density was calculated and displayed in Fig. S3  (b) . It is known that the corrosion current density could reflect the corrosion resistance of alloys. The average current density of (a + b) dual phased Mg-30 wt%Sc alloy was higher while the others are fairly low. Hence the corrosion resistance of (a + b) dual phased alloy was inferior to others. Such result was in good correspondence with the immersion and hydrogen evolution tests.
In vitro test
3.5.1. Cytotoxicity Fig. S4 presents the pH value and ion concentrations of four experimental sample extracts. Owing to the buffering effect of culture medium, the pH values of undiluted sample extracts did not make too much difference, all slightly exceeding 8.0. As for ion concentration shown in Fig. S4(b) , the scandium ion concentrations were far below magnesium ion. The release of impurity Fe ion was between 0.37 and 0.46 lg mL À1 . The ion concentrations of magnesium and scandium were higher in (a + b) dual phased Mg-30 wt%Sc alloy extracts than in the others, which illustrated its relatively faster corrosion rates in culture medium. Correspondingly, as is shown in Fig. 7 , the cell viability of both MC3T3-E1 and HUVECs cultured in undiluted (a + b) dual phased Mg-30 wt%Sc alloy extracts was lower. But after dilution, the cell viability both improved significantly. According to ISO 10993-5, the alloy shall be considered as non-cytotoxic if the cell viability for the 100% sample extract is higher than 70% of control group [25] . As for MC3T3-E1 cells, both two single phased Mg-30 wt%Sc alloys satisfied the criterion, yet only a phased Mg-30 wt%Sc alloy met the requirement for HUVECs, all of which showed comparable results with HP-Mg control group. Although the endothelial cells all displayed high viability for the first to third day, the viability decreased obviously for the fifth day. Such hysteric response of cells has also been mentioned in previous study [34] . In general, as for MC3T3-E1 cells, both the single a phased and b phased Mg-30 wt%Sc alloys were non-cytotoxic, indicating their potential use as orthopedic implants. It is known that the cytocompatibility of Mg was satisfactory [35] , whereas the biosafety of scandium is unclear up to date. Only a few articles reported the biocompatibility of magnesium alloys with scandium as an alloying element and found no toxic effects to cells [16, 36] . However, more systematic in vivo biocompatibility evaluations are necessary, as will be reported in Section 3.6.
Hemolysis and platelet adhesion
Platelet adhesion and hemolysis tests were adopted to evaluate the hemocompatibility of three kinds of experimental Mg-30 wt% Sc alloys, as is shown in Fig. S5 . It has been reported that the morphological changes of platelets can be roughly divided into five stages: round, dendritic, spread-dendritic, spreading and fully spread, which corresponds well with the activation level from unactivated to fully activated [37] . According to Fig. S5 , some pla-telets on these three Mg-30 wt%Sc alloy groups as well as HP-Mg control group displayed similar shape with several short reversible pseudopodia, which means they were partially activated, and others were still keep round without activation. The distribution of platelets on each Mg-30 wt%Sc alloy sample was relatively uniform and no platelets aggregation was found. However, platelets on HP-Mg sample showed aggregation to some extent. As is seen in the magnified view in Fig. S5 , six or more platelets aggregated and piled up together. There was no obvious difference in the quantity of platelets adhered on three kinds of experimental Mg-30 wt%Sc alloy samples. The hemolysis rates of all three experimental Mg-30 wt%Sc alloy samples were lower than the judgement standard (5%), according to ISO 10993-4 [38] , which indicate superior hemocompatibility.
In vivo test
All animals were survived after surgery and no obvious subcutaneous emphysema was found by X-ray inspection. No pustule, Fig. 8 displays micro-CT images of 3D reconstruction and 2D slice for different time points. As for b phased Mg-30 wt%Sc alloy group, the 2D slice after 2 weeks implantation showed that there was no obvious gap between implant and bone. It was benefited from the decent degradation rate and accordingly little gas generation at initial stage. In contrast, the HP-Mg group degraded rapidly and therefore the bone remodeling would be disturbed by the released gas [39] . As can be seen in Fig. 8 , after 2 weeks implantation, both ends of the HP-Mg implant degraded com-pletely so that the length of HP-Mg implant became short. It can be assumed that the end of implant was located near to perichondrial artery where the blood supply was more adequate so that the body fluid participating in the chemical reaction with Mg alloy implant is more, and the resulting degradation products (especially the ions) would be easily diffused into the blood and being taken away, therefore drove the chemical reaction towards the direction of further degradation more easily, in comparison to other part (central part, for example) of the implant where local blood supply was not rich, and the local high concentration of released ions would residue there and retard the further chemical reaction of the Mg alloy implant. After 4 weeks implantation, the main body of HP-Mg implant degraded and on 2D CT slice only a The implant should maintain its mechanical integrity over at least 12 weeks for adults and 6 weeks for children [40, 41] . Therefore, HP Mg group might degrade too fast to be used as internal fixation in orthopedics. According to micro-CT imaging, the parameters which evaluate bone maturity, new bone growth, osteointegration and implant degradation were calculated, as shown in Fig. 9 . As for BMD and BV/TV values, there was no significant difference between b phased Mg-30 wt%Sc alloy group and HP-Mg group at the same time point. However, the bone-implant contact ratio as well as the volume loss of implants differed greatly between two groups. The volume loss of HP-Mg group after 2 weeks implantation has already exceeded 50% and 2 weeks later the HP-Mg implant was totally degraded. The BIC value did not make sense anymore once the implant was absent. In contrast, the b phased Mg-30 wt%Sc alloy group displayed much more decent corrosion rate and the volume loss was merely 13 ± 3% after 24 weeks implantation. Accordingly, the corrosion rate of b phased Mg-30 wt%Sc alloy in vivo was 0.06 ± 0.01 mm y À1 . The BIC ratio of b phased Mg-30 wt%Sc alloy group remained at 35-40% during week 2-12 and increased to 75 ± 10% at week 24 postoperatively, implying satisfactory osseointegration between bone and b phased Mg-30 wt%Sc alloy implant [42] .
Micro-CT analysis
Histological analysis
Hemolysis and platelet adhesion bone tissue and organs are displayed in Fig. S6 by H&E staining to observe their morphologies and disclose the pathologies, if any. As for decalcified bone tissue, no pathological changes or tissue necrosis were exhibited in both b phased Mg-30 wt%Sc alloy and HP-Mg groups. The osteocytes can be clearly seen in the enlarged images of both groups and several spindle-shaped fibroblasts were shown in the magnified view of HP-Mg group, which implied the formation of fibrous callus. In previous study, it is reported that rare earth element tends to accumulate in animal organs, especially in the liver, spleen, lung and kidney [43] . So the organs mentioned above were retrieved for his-tologic observation, as is shown in Fig. S6(b) . There was no observable difference between two groups and both of them maintained their normal morphologies, which indicated that the implantation of b phased Mg-30 wt%Sc alloy and HP-Mg would not lead to systemic toxicity for organisms.
Hematology analysis
Hematology analyses, especially blood routine and blood biochemistry tests, are the most basic and universal methods for disease diagnosis. Besides, it is well-known that trace element plays an important role on the survival and health of organisms. In order to ensure that degradation of implants would not result in the disorder of trace elements in blood or the occurrence of certain diseases, hematology analysis was carried out at weeks 4, 12 and 24 post-operation. The results are displayed in Table 1 . With regard to blood routine, the test items did not show significant difference between two groups but several items differed with time prolonged. According to the previous reports concerning the normal range of blood routine indexes [44] [45] [46] , the inference was made as below. The white blood cell (WBC) counts did not increase abnormally for both b phased Mg-30 wt%Sc alloy and HP-Mg groups, which demonstrated that neither bacterial infection nor inflammation was developed. Although the LYM% was lower for weeks 12 and 24, it was considered as an ordinary trend since in previous study the LYM% also declined with SD rat's age [46] . The MON% was somewhat low for weeks 4 and 24, while the declination of MON% did not make too much sense clinically. In general, according to blood routine test, no health problems were found on b phased Mg-30 wt%Sc alloy or HP-Mg groups.
Blood biochemistry is a useful method for clinical diagnosis and health assessment. The test items and results for both b phased Mg-30 wt%Sc alloy and HP-Mg groups are listed in Table 1 . It is known that ALT, ALP and TG could reflect hepatic dysfunction such as hepatocytes injury and hepatitis. The variations of ALB, CREA, UREA and P could imply multiple renal diseases. Similarly, the results in our study were compared with the previous report [44] [45] [46] [47] to determine whether those indexes were in general levels. However, the values of ALP, UREA, TG and CREA of SD rats given in different literatures were quite inconsistent. This may be due to the difference among animals' age, weight and raising condition. Nevertheless, the other indexes were in general levels for both b phased Mg-30 wt%Sc alloy and HP-Mg groups. Meanwhile, no blood biochemistry index showed significant difference between two groups at the same time points, likewise with the trace element detection results. Thus, taken the HP Mg group as reference, no abnormalities on blood biochemistry or trace elements detection were found for b phased Mg-30 wt%Sc alloy group. In general, the implantation of b phased Mg-30 wt%Sc alloy showed no adverse effect on physiological function and would be unlikely to increase the risk of disease. . Thus, it can be speculated that the corrosion products were consisted of Mg(OH) 2 , CaCO 3 , Mg 3 (PO 4 ) 2 and MgHPO 4 . The previous reports [48] [49] [50] [51] coincide well with our estimation. For example, according to the results of Boonchom [50] , the vibrational bands of HPO 4 2À ion were observed at the wavenumber of 2800-3129 and 3200-3500 cm À1 , which was consistent with our results. In addition, the high-resolution narrow scan results of XPS analysis confirmed the presence of CaCO 3 based on Gopinath's report [48] , since Ca 2p showed a peak at 347.3 eV, C 1s at 289.6 eV and O 1s at 532.6 eV.
Characterization of corrosion products
Evaluation of elements distribution in tissue and organs
As mentioned above, it is reported that the REEs were mostly accumulated in liver, spleen, lung and kidney among animals' main organs [43] . So ion concentrations in the above organs were measured, as is shown in Fig. 10 . Besides, the muscle nearby the implantation site was also retrieved and analyzed. With respect to Mg concentration, it ranked the highest in muscle and the lowest in lung. No significant difference was found between b phased Mg-30 wt%Sc alloy and HP-Mg groups at the same time point, whatever in viscus, muscles or serums. The results of magnesium concentrations in viscus were comparable with the sham group in other reports [43] . This illustrated that the balance of magnesium in vivo was not broken by the degradation of both HP-Mg and b phased Mg-30 wt%Sc alloy groups. Serum magnesium is essential for diagnosis of hypermagnesemia and hypomagnesemia, which could lead to a series of diseases such as hypotension, cardiovascular disease and osteoporosis, etc. [52] . In this study, the magnesium concentration in serum maintained at 19-25 lg mL �1 , which was similar to the previous report in range of 20-25 lg mL �1 [53] . However, whether such magnesium concentration level was acceptable for human still needs to be confirmed. It is reported that for fat-free tissue the total magnesium concentration in human body should be below 20 mmol kg �1 (i.e. 480 lg g �1 ) [54] , marked by grey area in Fig. 10 (a) (Left side). As can be seen, the measured magnesium concentrations in organs and muscle were far below the maximum concentration in human body. Besides, according to previous studies, the reference range for total magnesium concentrations in adult blood serum is reported to be 0.65-1.05 mmol L �1 (i.e. 15.6-25.2 lg mL �1 ) [54, 55] , marked by grey area in Fig. 10 (a) (Right side). Accordingly, the measured magnesium concentrations in serum were all within this range. In general, it could be speculated that such level of magnesium could also be tolerable for human body. As for Sc concentration, it ranged from tens to hundreds nanogram per gram and ranked the lowest in muscle. With continuous degradation of implants, Mg and Sc ion concentrations did not show obvious growth tendency in muscle or viscus and even dropped in kidneys after 12 weeks implantation, as shown in Fig. 10(a) and (b) .
Although the Sc ion concentration in serum increased slightly for week 12, it decreased to 0.037 ± 0.008 lg mL �1 after 24 weeks'
implantation. The detection of Mg and Sc ions in excretion further demonstrated that both of them could be metabolized and excreted from the body, instead of continuous accumulating in organs.
Discussion
Biodegradation behavior
According to the immersion and hydrogen evolution tests (Section 3.3), Sc 2 O 3 is detected as the corrosion product, illustrating that Sc could incorporate into corrosion layer of magnesium alloys. As for other rare earth elements, similar phenomena have been reported [56, 57] . It is shown that La and Ce could combine with Al to develop (La, Ce)AlO 3 on the surface of AZ91 with La and Ce additions [56] . As for WE43 alloy, the oxide and hydroxide of Y have been found throughout the corrosion layer [57] . According to the mapping results shown in Fig. 6 , scandium was predominantly distributed in the inner corrosion layer that was close to the matrix, while Mg was mostly distributed in the outer layer. The limited detection depth of XPS which led to the absence of Sc on XPS spectra (Fig. S7 ) further confirmed that element Sc was hardly distributed in outer layer. It is known that the presence of corrosion layer can retard further corrosion of matrix. Due to their different compositions and properties, the protection capability of corrosion layers varies by their integrities. The integrity of oxide layer can be assessable. Pilling-Bedworth Ratio (PBR) is an important criterion to estimate the epitaxial misfit between the oxide and underlying metal, which results in the lateral stresses in passive films [58] . It is defined as follows.
R ¼
Molecular volume of oxide Molecular volume of metal If the Pilling-Bedworth Ratio (R) is less than 1, it means that insufficient oxide is produced by the metal to cover the surface, i.e., the oxide is non-protective. If the R value is much greater than 1 (generally regarded as greater than 2.5), large compressive strength can be introduced and results in the cracking and fracture of oxide. The oxide is supposed to be protective only when R value is slightly greater than 1 [58] . For example, the PBR value of Al 2 O 3 is 1.29 [58] and it is considered as protective oxide film. Similarly, the PBR value of Sc 2 O 3 is 1.1 [59] , which can also be regarded as protective film with high surface coverage fraction. That is, Sc 2 O 3 would impede the magnesium matrix from corrosion to some extent. While for MgO the R value is merely 0.78 and thus the MgO layer could only provide particularly limited protection to matrix. Similar to MgO, Mg(OH) 2 is unprotected and is unable to cover the whole surface of matrix. Besides, since the pH value of Hank's solution is less than 11.5 during immersion, Mg(OH) 2 is unstable and tends to dissolve due to the presence of Cl À [60] . Therefore, comparing with other magnesium alloys whose corrosion products are mainly composed of Mg(OH) 2 , the Mg-30 wt% Sc alloy possesses more integrated corrosion layers with higher coverage ability, better stability and therefore improved corrosion resistance.
The schematic graph demonstrating the primary degradation process of Mg-30 wt%Sc alloy is displayed in Fig. 11 . In the initial stage of corrosion, the matrix is locally corroded due to the attack of Cl À . Mg 2+ ions along with Sc 3+ ions are released as anodic reaction and the electrons are generated. Meanwhile, H + in solution consumes the electrons and releases hydrogen. The left OH À ions in solution combine with Mg 2+ ions to form Mg(OH) 2 and the oxide product Sc 2 O 3 is also generated on the matrix. However, as mentioned above, due to the instability of Mg(OH) 2 , it tends to dissolve and form soluble magnesium salts (mainly MgCl 2 ). The reaction for Mg(OH) 2 generation and decomposition can be regarded as a reversible reaction that happens constantly to reach equilibrium. With time prolonged, the previously formed Mg(OH) 2 is gradually substituted by Sc 2 O 3 and the regenerated Mg(OH) 2 is deposited on the outer layer. Besides, calcium and phosphor derived from the medium also deposit on the outer layer and form composites such as CaCO 3 , MgHPO 4 and Mg 3 (PO 4 ) 2 , etc. The attack of Cl À results in the formation of corrosion pits and the dissolution of Mg(OH) 2 . Thus, the product close to the corrosion pits is mainly Sc 2 O 3 , which is of high stability and integrity. Furthermore, the protection of Sc 2 O 3 could hinder the occurrence of pitting corrosion and thus reduce the corrosion rate of Mg-30 wt%Sc alloy.
Comparing with the other RE-containing magnesium alloys applied in orthopedics, the in vivo degradation rate of as-cast bphased Mg-30 wt%Sc alloy is favorable, as is shown in Fig. 12 . It is known that the processing method could influence the degradation rate of alloys. Generally, with regard to alloys with the same compositions, grain sizes of the as-extruded alloys are finer and thus their degradation rates are usually lower than the as-cast alloys. Nevertheless, the degradation rate of as-cast Mg-30 wt%Sc alloy is superior to most of the as-extruded RE-containing magnesium alloys, including WE43.
Relationship between structure and corrosion behavior of magnesium alloy
According to the phase diagrams of binary magnesium alloys [61] , elements Li and Sc are the only two known alloying elements which could transform their microstructures from hcp to bcc. It should be noted that their mechanisms of phase transformation are different, which would affect their corrosion behaviors in different ways.
As for Mg-Sc alloy with a certain composition, crystal structures could be regulated by altering heat-treatment methods. It is known that different heat-treatment methods could result in various grain sizes, phase constitutions and phase distributions of alloys, which further lead to discrepancy on corrosion behaviors [62] . However, according to the microstructures shown in Fig. 1(c) , the grain size of two single-phased Mg-30 wt%Sc alloys were similar. Thus, it is the structures of magnesium alloys which mainly influence their corrosion behaviors. Based on the corrosion behaviors of two single-phased Mg-30 wt%Sc alloy (Sections 3.3 and 3.4), their corrosion rates did not differ too much. However, the corrosion mechanisms would be different. Specifically, their corrosion behaviors would be crystal-orientation-dependent [63] . With regard to magnesium alloys with hcp structure, the basal plane (0 0 0 1) is the most corrosion-resistant plane, which has been proved by multiple experimental results [63] [64] [65] [66] . The main reason is that the atomic packing density (APF) is different among crystallographic planes for hcp-structured alloys. The surface energies would decrease with APF increases, which further improves the stability of oxide layer and finally help the basal plane be more corrosion-resistant Fig. 11 . Schematic graph of primary degradation process of Mg-30 wt%Sc alloy in vitro. [63, 66] . As for bcc-structured alloys, the crystal-orientationdependent corrosion behavior has been reported but it varies between alloys [67, 68] . Yet little has been known for bccstructured magnesium alloys.
According to Mg-Li phase diagram, in order to obtain Mg-Li alloys with different crystal structures, the composition of Li must be changed, which also inevitably influences the corrosion behaviors of Mg-Li alloys. It is reported that with Li content increasing, the crystal structure transforms from hcp to bcc and meanwhile the corrosion rate of the Mg-Li based alloy increases [69] .
In general, as for different magnesium alloys, the relationship between structure and corrosion behaviors is dissimilar. As for Mg-Sc alloys with a certain composition, the corrosion rate would not show too much difference when their structure changes. But the corrosion-orientation-dependent behavior of magnesium alloy might be varied, which still needs further research. As for Mg-Li based alloys, the corrosion rate increased by transforming to b phase since Li addition must be increased significantly at the same time.
Toxicity of Sc and Mg-Sc alloy
From the perspective of biosafety, there are only a few early reports about scandium. Animal test has shown that in acute toxicity test the intraperitoneal (i.p.) and per oral (P.O.) median lethal dose (LD 50 ) of scandium chloride were 755 mg kg À1 and 4000 mg kg À1 in male mice, respectively. In comparison with the common rare earth element Y, the LD 50 of yttrium chloride was merely 88 mg/kg in mice through i.p. injection, which showed much toxicity than scandium [70] . Early research has also shown that scandium was used clinically in the treatment of metastatic carcinomas with some success [70] . Recently, the antibacterial and antifungal properties of Sc 3+ ions and other rare earth ions have been validated [71] . As for cytotoxicity of scandium, it is reported that the sintered Sc 2 O 3 has shown no toxicity to human osteosarcoma cell-line (HOS) and could even support the growth and proliferation of cells, which is supposed to be a promising biomaterial with satisfactory biocompatibility [72] . However, systematically investigation on biocompatibility of Sc still needs to be achieved.
In this study, as for b phased Mg-30 wt%Sc alloy, only the 100% extract showed slightly toxic effect to HUVECs while no toxic effect was found on MC3T3 cells. That is, the coexistence of 246 ± 20 lg mL À1 Mg and 1.7 ± 0.2 lg mL À1 Sc as well as a small amount of Fe in extracts lead to the slightly toxic effect on HUVECs. Nevertheless, the 100% extract of as-extruded Mg-30 wt%Sc alloy cannot simulate the in vivo environment absolutely. On the one hand, the circulation system of in vivo environment allows the ions to diffuse and thus the concentration of ions is lower than the 100% extracts in vitro. On the other hand, the impurity content decreased significantly for the alloy adopted in vivo and the corrosion rate is much lower than in vitro environment. Thus, the diluted extracts of b phased Mg-30 wt%Sc alloy which showed no cytotoxicity to both two cells is considered to be more comparable to the in vivo environment.
With respect to animal study, the ion concentrations of Mg and Sc in main viscus, muscle, serum as well as excretion were quantified. It is shown that both Mg and Sc ions would not continue to accumulate in viscus. The hematology analysis did not show any abnormalities for b phased Mg-30 wt%Sc alloy groups, which indicated that no potential risk of disease has been found after the implantation of b phased Mg-30 wt%Sc alloy. In earlier research, ScCl 3 compound was added as 0.1% of dietary for rats over 90 days without leading to chronic toxicity [70, 73] . It is known that the daily food intake of an experimental rat is about 20 g [74] and thus the scandium intake should be around 6 mg. According to the Fig. 12 . In vivo corrosion rates of the present Mg-30 wt%Sc alloys and previously studied RE-containing magnesium alloys within the bone environment. The RS66 alloy is a rapid solidified magnesium alloy with a nominal composition of Mg-6Zn-1Y-0.6Ce. The composition of JDBM, WZ21, ZEK100, LAE442 and LANd442 is Mg-2.5Nd-0.2Zn-0.5Zr, Mg-1Zn-0.25Ca-0.15Mn-2Y, Mg-0.96Zn-0.21Zr-0.3RE, Mg-4Li-4Al-2RE, and Mg-4Li-4Al-2Nd, respectively [5, 26, 39, [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] . The above compositions are expressed in weight percentage. The ''Mg-30Sc" in red is derived from the present study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) result of in vivo test (Section 3.6), the corrosion rate of b phased Mg-30 wt%Sc alloy is 0.06 mm y À1 in vivo. That is, the ion release of Sc was merely about 0.007 mg per day (calculated by the total surface area), which is far less than 0.1% dietary of rats and thus would not cause chronic toxicity. Although the scandium content in b phased Mg-30 wt%Sc alloy is as high as 30 wt%, the supremely low degradation rate guarantees the extremely limited scandium release rate and further promises the biosafety of Mg-30 wt%Sc alloy implant. However, it should be noted that the control of impurity introduction (especially Fe, Ni and Cu) is of great significance since their presence lead to fast degradation of Mg-30 wt%Sc alloy and consequently rapid Sc ion release.
Conclusions
In this study, Mg-30 wt%Sc alloys with different phase structure were developed and their feasibility as bone implant was systematically investigated by in vitro and in vivo testing. The results indicate that the Mg-30 wt%Sc alloys, which showed adjustable microstructures and mechanical properties, along with decent corrosion rate and satisfactory biocompatibility, exhibits a great potential for orthopedic applications. The conclusions could be summarized as follows:
(1) The constitutional phases along with the mechanical properties of Mg-30 wt%Sc alloy could be controlled by altering heat-treatment routines. (2) The in vitro biodegradation test showed that Sc 2 O 3 was distributed in the inner corrosion layer while Mg(OH) 2 was revealed in the outer corrosion layer. The double-layered corrosion products could effectively improve the corrosion resistance of Mg-30 wt%Sc alloy.
(3) Both single a phased and b phased Mg-30 wt%Sc alloys showed no cytotoxic effect on MC3T3 cell line. All three experimental alloys displayed superior hemocompatibility without platelets aggregation. (4) The b phased Mg-30 wt%Sc alloy which had been reported to exhibit shape memory effect, displayed outstanding mechanical performance, superior in vivo degradation performance (0.06 mm y À1 ), which showed improved performances comparing with the WE43 alloy. Satisfactory osseointegration, limited hydrogen release, maintained mechanical integrity were observed at 24 weeks' implantation.
